In this paper, the theory of fuzzy set is introduced to the optimization of engine room structure considering the dynamic response constraints.
Introduction
Reference (10) provided the optimization of engine room structure considering the constraints on the stresses and dynamic response. The goal of the constraints is to keep the static and dynamic response of the structure not to be larger than the exact allowable values. However, in practice, it is not appropriate to deny a design absolutely just because the stresses of few members or the accelerations of few nodal points are slightly larger than their allowable values. For example, as to the allowable stress of 1800 kgf/cm2, all the designs whose maximal stresses are smaller than or equal to it are allowable, but if the maximal stress of the structure reaches 1801 kgf/cm2, according to the traditional method, this candidate design is unacceptable.
However, there is no substantial difference between 1800 kgf/cm2 and 1801 kgf/cm2 in practice. As a matter of fact, because a lot of uncertainties exist in ship structural design, many constraints are fuzzy in a certain sense. There are no well-defined boundaries between safety and unsafety. It is more reasonable that there should be transition stages from absolute safety to absolute unsafety.
Fuzzy set theory1),2) appeared in 1965 and has been applied to a wide variety of scientific areas recently.
However, real applications3),4) of it to structural optimization design are still relatively rare.
This theory enables one to handle the fuzziness existing in engineering. In this paper, the constraints on stresses, displacements and accelerations of the structure, and the objective are considered to be fuzzy. Using the fuzzy set concept, the allowable stress is not fixed at an exact value.
The membership function is introduced to describe the fuzziness of constraints.
According to the membership function, the degree of membership function for a constraint can be known and can be understood as the degree of its satisfaction. For the example mentioned above, the degree of satisfaction with the stress constraints in which the maximal stress reaches 1800 kgf/cm2 can be 1.0, while the one of 1801 kgf/cm2 may be considered to be 0.9. Even though the degree of satisfaction 0.9 with the stress constraints is smaller than 1.0, the design is still in the allowable domain. If the maximal stress reaches the absolutely unacceptable value, the membership degree of this fuzzy constraints should be defined to be 0.
There are two models in solving the structural optimization problems in fuzzy environment. One is to compute the optimal values of the objective for all levels of satisfaction with the fuzzy constraints. Consequently a family of optimal design under different degrees of satisfaction with the constraints can be obtained. Therefore, designers can choose the optimal design among them basing on their experience. The other is to introduce the fuzzy set concept into the objective. Namely designers have the fuzzy goal for the problem. The objective has its own membership function. In this case, a crisp solution can be obtained in which the membership degree of fuzzy decision is maximized.
It is necessary to solve the ordinary optimization problems appearing in both of the two approaches. GAs are chosen to be the optimization method in this study.
Based on the work of Reference (10) , the same operators and the floating point representation to a string of solution are also applied to this calculation.
Illustration of Problem
The objective is to find the design variables X to minimize the cost of structure under the fuzzy constraints as the following :
subject to :
( The exact allowable value is replaced by Cjg which is the allowable fuzzy domain of gj(X).
The maximum static stress in each element and the static displacement of every node can be calculated by solving the static equilibrium equation as below. ( 7 ) The maximum dynamic stress in each element, and the dynamic displacement and acceleration of nodal points can be calculated through the dynamic analysis described in the next chapter.
Dynamic Analysis
The differential equations of motion for the engine room structure under the excitation F(t) can be written designers to decide which is the one they want among all the optimal designs under different fortified levels. As a matter of fact, the objective is not considered fuzzy in the approach above. At an exact fortified level, there are only two choices, either the optimal solution or the one which is not the optimal solution. In fact, all the solutions obtained by the method above are the optimal ones with different fortified levels. In practice, designers have to select a compromise solution from them based on their subjective judgment. This means designers just want to achieve their goal in the fuzzy sense. It is natural to assume that designers have imprecise or fuzzy goal for the objective. Therefore, in this approach, the optimized objective is also quantified by eliciting a corresponding membership function. In order to define the membership function, the results of the fuzzy solution in the last section can be used. For example, as shown in Fig. 2 , the value of membership function of objective obtained at the fortified level of constraints a=0 in the above fuzzy solution can be defined to be 1, which is the smallest objective in the calculation. The one at a=1 to be 0. The linear form of the membership function of the objective is introduced in this study as ( 
32)
The fuzzy goal F and the fuzzy constraints C combine to form the fuzzy decision D which is a fuzzy set resulting from the intersection of F and C. Namely This inequality is the constraint on the objective. fl and fu are the lower and upper bounds of objective, respectively. They can be determined by designers or by the calculation of the fuzzy solution described in the last section. Of course the lower bound of objective for minimum problems should be determined reasonably. deck. All the original constraints are softened by admitting a certain violations.
For the stress constraints, the allowable stress of 18 kgf/mm2 in conventional method is softened to be 18.00-18.10 kgf/mm2 here by introducing the membership function whose value is 0 when the stress reaches 18.10 kgf/mm2. The dynamic response constraints are also fuzzy and their tolerable acceleration is 37-41 gal in this calculation.
Design variables include the sizes of cross-section of web beams and web frames in side and bottom of ship shown in Fig. 4 . The cross-sections of all the web beams on the upper deck are taken the same. The side web frames and bottom ones are handled in the same way. Therefore, there are only twelve design variables left. The bounds of them are listed in Table 1 . For all the members, the bound of each size of cross-section is assumed the same.
6. 2 Optimization Results 6. 2. 1 Fuzzy Solution Giving a the different values, the optimal results can be obtained by using GAs. Here pop-size= 50, probability of uniform mutation psm is 0.1, probability of nonuniform mutation pnm is 0.1, coefficient b=2, probability of boundary mutation pbm is 0.05, probability of simple crossover psc is 0.50, probability of arithmetic crossover Pac is 0.1. Fig. 5 shows the history of the GA at different fortified levels.
The solutions at different a values are given in Table  2 . From this Table, it is observed that most of the web thickness of stiffeners (t1) of the deck beams and side web frames reach their lower bound values at any a values. Table 3 Structural Results of Fuzzy Solution 3) The application of the fuzzy theory allows the inclusion of professional wisdom and knowledge into the analytical scheme. However, until the present, this kind of information has not been analyzed completely. In this study, the membership functions are given subjectively.
How to obtain them is a problem needed to be studied further.
